2), but a tusk of M. exilis (or immature M. columbi) was found in the lowest marine terrace of Santa Rosa Island. Uranium-series dating of corals yielded ages from 83.8 ± 0.6 ka to 78.6 ± 0.5 ka, correlating the terrace with MIS 5.1, a time of relatively high sea level. Mammoths likely immigrated to the islands by swimming during the glacial periods MIS 6 (~150 ka) or MIS 8 (~250 ka), when sea level was low and the island-mainland distance was minimal, as during MIS 2. Earliest mammoth immigration to the islands likely occurred late enough in the Quaternary that uplift of the islands and the mainland decreased the swimming distance to a range that could be accomplished by mammoths. Results challenge the hypothesis that climate change, vegetation change, and decreased land area from sea-level rise were the causes of mammoth extinction at the Pleistocene/Holocene boundary on the Channel Islands. Pre-MIS 2 mammoth populations would have experienced similar or even more dramatic changes at the MIS 6/5.5 transition.
t r a c t a r t i c l e i n f o Introduction
Mammoths are one of the most iconic animals of the Pleistocene, both in North America and Eurasia. Interestingly, fossil mammoths and other proboscideans are not limited to just those continents. Fossil proboscideans have been found on islands off North America and Asia, as well as on many islands of the Mediterranean (Fig. 1) . On the northern Channel Islands of California (Fig. 2) , fossil mammoth remains that have been documented include the Columbian mammoth, Mammuthus columbi and the pygmy mammoth, Mammuthus exilis (Orr, 1968; Johnson, 1978 Johnson, , 1979 Johnson, , 1981 Madden, 1981; Roth, 1993; Agenbroad, 1998 Agenbroad, , 2001 Agenbroad, , 2012 Agenbroad et al., 1999 Agenbroad et al., ,2005 . M. columbi immigrated from the mainland to the islands and M. exilis evolved from this ancestral stock (Johnson, 1978 (Johnson, , 1981 Madden, 1981; Agenbroad, 2001 Agenbroad, , 2012 . Based on fossil evidence for mammoths on the Channel Islands, an absence of other faunal elements, lack of geologic evidence for a former land bridge, and documentation of swimming abilities of modern elephants, Johnson (1978 Johnson ( , 1980 concluded that mammoths likely reached the California Channel Islands from mainland California by swimming.
If swimming were the means by which mammoths immigrated to the Channel Islands, a question that arises is the timing of this event or events. Johnson (1978) pointed out that the optimal times for immigrations would have been during glacial periods, when eustatically lowered sea levels would have minimized the swimming distance from the mainland to the islands. Radiocarbon ages of either fossil mammoth remains (collagen) or materials associated with such remains (charcoal) fall into two age groups, summarized by Agenbroad (2012) . Based on this compilation, and excluding those derived from questionable materials or analyses done in the early period of radiocarbon dating, the most abundant ages for mammoths on the Channel Islands date to the last glacial period (~22-12 ka, in cal 14 C yr) or Marine Isotope Stage (MIS) 2. A last-glacial age for mammoths on the Channel Islands supports part of Johnson's (1978) hypothesis, because sea level would have been lower during this time, minimizing the swimming distance from mainland California to the Channel Islands. Johnson (1978) also proposed, however, that mammoth immigration to the Channel Islands need not be limited to the last glacial period, but could occur any time there was a favorable paleogeography, with lowered sea level. Azzaroli (1981) challenged this proposal, asserting that sea levels prior to the last glacial maximum (LGM) were no lower than about −30 m to − 50 m, relative to present. It is now known, however, that other, pre-LGM glacial periods were characterized by sea levels well below −30 to −50 m, relative to present, during at least the two glacial periods prior to the LGM (e.g., Lea et al., 2002; Rohling et al., 2009 Rohling et al., , 2010 . Thus, Johnson's (1978) hypothesis of pre-LGM mammoth immigrations is still a viable one, based on current understanding of sea-level history.
The second group of mammoth ages derive from charcoal fragments associated with mammoth remains from five localities on Santa Rosa Island and have given ages of N 41,000 yr (Agenbroad, 2012) . If correct, these ages imply the possibility of mammoth immigrations prior to MIS 2. Further, Orr (1960 Orr ( , 1968 reports finding mammoth remains in marine deposits of the lowest emergent terrace on Santa Rosa Island. These observations raise the possibility of considerable antiquity for the presence of mammoths on the Channel Islands. There is evidence that pre-LGM immigrations of proboscideans took place elsewhere, to the Mediterranean islands of Sardinia, Sicily, and Crete, as well as to the island of Flores in Indonesia (Palombo and Rozzi, 2013) . Reported here are new marine terrace mapping and geochronology along with two new mammoth finds that provide a test of Johnson's (1978) hypothesis that pre-last-glacial immigrations of mammoths to the Channel Islands might have occurred.
Field and laboratory methods

Field methods
Marine terrace deposits and other surficial sediments were mapped on northeastern and northwestern Santa Rosa Island, in part modified from mapping conducted by Weaver et al. (1969) and in somewhat more detail than in Muhs et al. (2014a) , both of whom mapped the entire island. Unlike Weaver et al. (1969) , Muhs et al. (2014a) and the present work distinguish between low terraces (less than~30 m elevation), of late Quaternary age, and high terraces (greater than~30 m elevation), hypothesized to be of middle-to-early Quaternary age.
U-series and amino acid geochronology support the correlation of low-elevation terraces to high-sea stands of the last interglacial complex, MIS 5 (Muhs et al., 2014a) . Low-elevation terraces are designated as map unit "Qes/Qty" or "Qac/Qty" for Santa Rosa Island. The composite designation indicates that young terrace deposits (Qty) are not exposed at the surface, but are covered by still-younger eolian sand (Qes) or alluvium and/or colluvium (Qac). The spatial extent of these units was determined by initial mapping on National Park Service aerial photographs (2002) and U.S. Geological Survey topographic maps (1943), followed by field examination of terrace geomorphology, exposures in sea cliffs, and outcrops in shore-normal-trending canyons.
No attempt was made to differentiate different ages of middle-toearly Quaternary marine terraces. Older marine terrace deposits (Qto) on Santa Rosa Island are identified by the presence of rounded, waveworn gravel clasts, particularly those with evidence of boring by pholad clams, and/or deposits containing marine invertebrate fossils. Older marine deposits are also typically covered by younger eolian sand (Qes) or alluvium and/or colluvium (Qac). Thus, these older terraces are designated "Qes/Qto" or "Qac/Qto." Possible marine terraces, mapped as unit "Qtpo," are old, high-elevation, low-relief surfaces with gentle seaward slopes, also identifiable in the field and on aerial photographs and topographic maps, that lack definitive marine deposits (rounded, pholad-bored gravels and marine fossils). These surfaces, interpreted as ancient wave-cut platforms, have geomorphic evidence of a marine origin, with possible paleo-sea cliffs and shore-normal surfaces that have concordant elevations with low-relief surfaces bounded by other drainages. Elevations of all localities studied were determined using differential Global Positioning System (GPS) measurements. the past, been regarded as less-than-perfect materials for radiocarbon dating, detailed studies of modern snails show that many species actually show very little age bias, even when they live on a carbonate substrate (Pigati et al., 2010) . A later study, comparing radiocarbon ages of land snails in loess to ages of the same loess deposits determined independently, either by radiocarbon ages of wood or luminescence ages of sediment, show that at least some species give reliable ages (Pigati et al., 2013) . In the present study, five modern-dead specimens of Helminthoglypta ayresiana (Newcomb, 1861) were collected for an assessment similar to that of the experiments conducted by Pigati et al. (2010) . Laboratory procedures follow Pigati et al. (2013) and are summarized briefly here. Shells were separated from the host sediment, placed in a beaker of ASTM Type 1, 18.2 MW (ultrapure) water, and subjected to an ultrasonic bath for a few seconds. The shells were then repeatedly immersed in a second beaker of ultrapure water to remove material adhering to the shell surface or lodged within the shell itself. This process was repeated until the shells were visibly clean. In most cases, shells were selectively dissolved or etched briefly using dilute HCl to remove secondary carbonate dust from primary shell material. Etched shells were then washed repeatedly in ultrapure water and dried in an oven overnight at 70°C. Both modern and fossil shells that were free of detritus were converted to CO 2 using A.C.S. reagentgrade, 85% H 3 PO 4 under vacuum at 50°C, until the reaction was visibly complete (~1 h). The resulting CO 2 was split into two aliquots. One aliquot was converted to graphite, using an iron catalyst and a standard hydrogen reduction process, and submitted to the Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory. The second aliquot was submitted for δ 13 C analysis in order to correct the measured 14 C activity of the shell carbonate for isotopic fractionation. For marine terrace deposits, fossil corals are used for uranium-series dating. All corals, whether colonial or solitary, take up U in isotopic equilibrium with sea water, contain little or no Th, and, under favorable circumstances, behave as closed systems with respect to 238 U and its longlived daughter products, 234 U and 230 Th, after death and emergence. The solitary coral Balanophyllia elegans Verrill, 1864 presently lives along the Pacific Coast of North America from southeastern Alaska to central Baja California, Mexico and is the most common coral occurring as a fossil in marine terrace deposits of this region. It is potentially suitable for U-series dating because living specimens incorporate measurable U in isotopic equilibrium with seawater (Muhs et al., 2002a (Muhs et al., , 2006 .
Fossil corals collected from marine terrace deposits on Santa Rosa Island were cleaned mechanically, washed in distilled water, and X-rayed for aragonite purity. All samples but one are 100% aragonite; a single sample is 99% aragonite. Analyses were made of individual coral specimens of B. elegans. Sample preparation follows methods outlined by Ludwig et al. (1992) Johnson (1979); Cushing et al. (1984) ; Agenbroad (1998 Agenbroad ( , 2012 ; Agenbroad et al. (1999) , and the present study.
primarily with a secular equilibrium standard; see Ludwig et al., 1992) and purified with ion exchange methods. Purified U and Th were loaded with colloidal graphite on separate Re filaments. Isotopic abundances were determined by thermal ionization mass spectrometry (TIMS). Ages were calculated using a half-life for 230 Th of 75,584 yr and a halflife for 234 U of 245,620 yr (Cheng et al., 2013) .
Results: marine terrace mapping, fossils, and geochronology Marine terraces on northwestern Santa Rosa Island Orr (1960 Orr ( , 1968 conducted the first detailed studies of marine terraces on Santa Rosa Island. Much of Orr's (1960 Orr's ( , 1968 marine terrace work in the northwestern part of Santa Rosa Island was based on field studies conducted between Sandy Point and Brockway Point, in Cañada Garañon and Arlington Canyon (Fig. 3) . Exposures that were examined along the outer part of Cañada Garañon (localities SRI-5D, E, G, H, J in Fig. 3 ) in the present study display two late Quaternary marine terraces that are believed to be the equivalent of Orr's (1960 Orr's ( , 1968 )~7 m and 23 m terraces. Orr (1960 Orr ( , 1968 ) also proposed formal names for the sediments overlying the~7 m and~23 m terraces, the Garañon and Fox members of the Santa Rosa Island Formation, respectively. The sediments of these formations include both marine deposits associated with the wave-cut platforms and younger, overlying terrestrial sediments that include alluvium, colluvium, and eolian sand (Fig. 4) . In Cañada Garañon, the shoreline angle elevation is 7.4 m for the lower terrace and~24 m for the higher terrace (Fig. 5) . Hereafter, these are referred to as the "1st" (~7 m) and "2nd" (~24 m) terraces. Marine deposits on both terraces are~0.5-1.0 m thick. About 16-17 m of alluvium overlie marine deposits of the 1st terrace and 4-6 m of alluvium and eolian sand overlie marine deposits of the 2nd terrace (Figs. 4 and 5) . The 1st terrace can be traced continuously west to Sandy Point (Figs. 3, 5) in sea cliff exposures; the 2nd terrace is also likely present along much of this reach of coastline, but is obscured by overlying deposits of eolian sand.
Both the 1st and 2nd terraces on the northwest coast of Santa Rosa Island are richly fossiliferous. Deposits of the 2nd terrace, where it is exposed in Cañada Garañon (fossil localities SRI-5D, 5E, and 5J), and in canyons to the east of it (SRI-5F in Fig. 3 ) contain a typical rocky-shore assemblage, including Epilucina californica (Conrad, 1837), Cumingia californica Conrad, 1837, Glans sp., Callianax biplicata (Sowerby, 1825), Conus californicus Reeve, 1844, Fissurella volcano Reeve, 1849, Chlorostoma sp., Haliotis sp. or spp., Acmaea spp., and other mollusks, as well as numerous specimens of B. elegans. The 1st terrace in the same area (SRI-5) has a somewhat less diverse rocky-shore assemblage, consisting of E. californica, Glans carpenteri (Lamy, 1922), F. volcano, Haliotis sp. or spp., Acmaea spp., and rare B. elegans. Orr (1960 Orr ( , 1968 also reported many of the same fossils in deposits of both the 1st and 2nd terraces in this area. Fossils in deposits of the 1st terrace a short distance northeast of Sandy Point (SRI-27 in Figs. 3 and 5) are more abundant than those at SRI-5, containing many of the same taxa, but also hosting Mytilus californianus Conrad, 1837, Chlorostoma sp., Serpulorbis squamigeris (Carpenter, 1857) and abundant corals (B. elegans). Based on amino acid geochronology of Chlorostoma fossils (1st and 2nd terraces) and a single U-series age on a coral (2nd terrace only), Muhs et al. (2014a) correlated the 1st and 2nd terraces on this part of Santa Rosa Island to the~80 ka (MIS 5.1) and~120 ka (MIS 5.5) high-sea stands, respectively. Figure 3 . Map of northwestern Santa Rosa Island, showing marine terrace deposits and other surficial deposits, fossil localities, and locations of shore-normal elevation transects or cliff sections. White areas are pre-Quaternary bedrock, in places overlain by alluvium or colluvium. All mapping done by the authors except some of the "Qto" delineations are slightly modified from Weaver et al. (1969) . Note that unit designated as "Qtpo," possible marine terrace platforms, may or may not have overlying marine and/or terrestrial deposits.
Marine terraces on northeastern Santa Rosa Island
On the northeastern coast of Santa Rosa Island (Fig. 6 ), overlying eolian, alluvial and colluvial deposits obscure much of the late Quaternary marine terrace geomorphology. Based on field studies conducted here, only a single late Quaternary marine terrace can be identified with any degree of confidence in most outcrops (Muhs et al., 2014a) . Whether this feature corresponds to the 1st terrace or 2nd terrace of northwestern Santa Rosa Island cannot be determined by field evidence alone. Most terrace deposits in the Bechers Bay area of northeastern Santa Rosa Island are not fossiliferous and corals suitable for uraniumseries dating were found only at a single locality, SRI-1 (Fig. 6 ). At SRI-1, the terrace shoreline angle is not exposed, but the wave-cut platform has an outer edge elevation of 5 m to 6 m and can be traced around Carrington Point. Marine deposits at SRI-1 are~1 m or more thick and a paleosol has developed in the upper part of these sediments. This paleosol is overlain by 14.4 m of mostly eolian sand with occasional colluvial gravel. A typical rocky-shore assemblage was found in the marine deposits at SRI-1 including, among other taxa, E. californica, G. carpenteri, M. californianus, C. biplicata, Chlorostoma sp., C. californicus, S. squamigeris, Haliotis rufescens Swainson, 1822, Lottia scabra (Gould, 1846), and Hipponix tumens Carpenter, 1864, as well as three specimens of B. elegans. Amino acid geochronology of Chlorostoma fossils from SRI-1 led Muhs et al. (2014a) to correlate this terrace with either thẽ 120 ka (MIS 5.5) or~100 ka (MIS 5.3) high-sea stands. West of Carrington Point (Fig. 6) , discontinuous tracts of marine terrace platforms and overlying marine deposits can be mapped, but again shoreline angles are not exposed and only one terrace can be identified with certainty. In most places, this terrace has an outer edge elevation of 9 m to~11 m above sea level. Because only one low-elevation terrace can be found in this area, a working hypothesis is that the terrace platform south of Carrington Point (including the one exposed at SRI-1) is equivalent to that found west of Carrington Point. Differences in elevation of outer platform edges (~5-6 m south of Carrington Point vs.~9-11 m west of Carrington Point) could be due to local displacement by faults that have been mapped in this area (Weaver et al., 1969) , but this requires further study.
Mammoth remains in terrestrial and marine terrace deposits
West of Carrington Point and east of the mouth of Lobo Canyon, at locality SRI-1F (Fig. 6 ), a marine terrace platform cut on Tertiary Bechers Bay Formation bedrock is exposed ( Fig. 7a ; coordinates are N34°01′ 11.5″; W120°05′28.7″). Patchy and weakly cemented marine terrace sands and gravels that are sparsely fossiliferous (E. californica and various limpets) rest on the wave-cut platform, which has an outer edge elevation of 9.4 m. Overlying the marine terrace deposits are two units of eolian sand and colluvium, Qes/Qc1 and Qes/Qc2, shown in Figures 7a and b. In the lower unit (Qes/Qc1), a mammoth tusk was found, 0.5 m above the top of the marine terrace deposits. A possible mammoth tibia was also found in this unit, but higher in the section (Fig. 7b) . Whether the possible tibia is related to the tusk is not known.
Tusk measurements of M. exilis and M. columbi given by permit speculation about which species of mammoth is found in the marine terrace deposits at SRI-1F. For M. columbi, proximal tusk diameters have an overall range of~10-23 cm and a mean value of 18 cm, whereas for M. exilis this range is~3-8 cm, with a mean value of 5.4 cm. The tusk at SRI-1F has a proximal diameter of 8 cm and it is inferred that this could be a specimen of M. exilis, a female M. columbi, or an immature M. columbi of either gender.
The age of the tusk at SRI-1F can be constrained by both uraniumseries and radiocarbon dating. The tusk is hosted by an eolian/colluvial unit that is stratigraphically younger than the marine terrace deposits. Thus, we use uranium-series ages of fossil corals collected from SRI-1, assumed to be the same age as the terrace at SRI-1F, as a maximumlimiting age for the tusk. Fossil land snails were found below and above the tusk within the Qes/Qc1 unit, and all are identified as H. ayresiana, which lives today on the northern Channel Islands. These snails were collected for radiocarbon dating.
A more definitive age is possible for another mammoth tusk, found on the northwestern part of Santa Rosa Island. As alluded to earlier, Orr (1960 Orr ( , 1968 noted the presence of mammoth (Mammuthus sp.) fossils in what he referred to as the Garañon Member of his Santa Rosa Island Formation, on the northwestern coast of the island. In the terminology used in the present paper, these are referred to simply as marine deposits of the 1st terrace. At Cañada Garañon, exposures of this terrace were examined carefully and a well-preserved mammoth tusk, hosted by marine deposits, was discovered in a sea stack, just offshore from the main outcrop of the 1st terrace at the mouth of the canyon (locality SRI-5G; Figs. 3-5). The stratigraphy of the 1st terrace that is exposed on the sea cliff at the mouth of Cañada Garañon is also preserved on the stack, with the wave-cut bench at an elevation of 3.75 m above sea level, identical to that of the wave-cut bench exposed on the sea cliff at the mouth of the canyon (Figs. 4, 5) . The tusk was found resting directly on the wave-cut platform (Figs. 4, 8) on its seaward end and~2 cm above it on its shoreward end. Although the sediments hosting the tusk are poorly sorted and contain some angular clasts, similar to the overlying 2.0-2.5 m of alluvium, clasts with pholad borings were also found, and marine fossils were observed as much as 40 cm above the tusk. Marine fossils recovered include the gastropods F. volcano, L. scabra, and Littorina scutulata (Gould, 1849), all of which were also reported by Orr (1960 Orr ( , 1968 from marine deposits of the 1st terrace in this area. The deposit also contains marine mammal remains. Initial examination of these remains suggested sea otter or sea lion bone fragments (Howell Thomas, Natural History Museum of Los Angeles County, personal communication, March, 2014) . Later, James Dines (also of the Natural History Museum of Los Angeles County, personal communication, January 2015) examined these materials and made comparisons to modern specimens housed in the Natural History Museum of Los Angeles County. He identified the remains as the sea otter Enhydra lutris (Linnaeus, 1758). Reworked Miocene fossils from the Tertiary Rincon Formation, including Turritella temblorensis Wiedey, 1928, were also found in the host sediments, as also noted by Orr (1968) . Based on all these observations, the host sediments for the tusk are interpreted to be marine deposits. It is inferred that the tusk was eroded from land and then transported to the modern surf zone at the time the wave-cut bench of the 1st terrace was forming. . Shore-normal transects (see Fig. 3 for locations) associated with fossil localities [(a) SRI-27; (b) SRI-5J, 5D, 5E; (c) SRI-5, 5F] on northern Santa Rosa Island, showing marine terraces, elevations from GPS surveys, overlying deposits, marine invertebrate fossil localities, and mammoth localities. Qac, alluvium and/or colluvium; Qes, eolian sand; Qty, marine terrace deposits, younger; Tr, Rincon Formation; Tv, tertiary volcanic rocks. Profile data slightly modified from Muhs et al. (2014a) .
Unfortunately, within the marine deposits where the tusk was found, no corals for U-series dating were found. Nevertheless, the terrace can be easily traced in sea cliff exposures from Cañada Garañon westward to Sandy Point (Fig. 3) . At locality SRI-27,~3 km to the west of the tusk locality, abundant fossil corals were found in deposits of the 1st terrace (Fig. 5 ), as noted above, and the age of the terrace can be derived from U-series dating of these corals. The better exposure of the tusk at SRI-5G at Cañada Garañon permits a more definitive identification than for the tusk at SRI-1F east of Lobo Canyon. The tip-to-base chord length for M. columbi reported by has an overall range of 95-177 cm and a mean value of~148 cm, whereas M. exilis from the Channel Islands has an overall range of 7.5-72 cm and a mean value of~38 cm for this dimension. For M. columbi, the proximal tusk diameter has an overall range of 10-23 cm and a mean value of~18 cm, whereas for M. exilis this range is~3-8 cm, with a mean value of 5.4 cm. Because the tusk found in the present study has a tip-to-base chord length of 62 cm and a proximal tusk diameter of 8 cm (Fig. 8) , it is concluded that the specimen from SRI-5G is likely a pygmy mammoth, M. exilis, although we cannot exclude the possibility that it is a female M. columbi or an immature M. columbi of either gender.
Elsewhere in the vicinity of the pygmy mammoth specimen at SRI-5G, but stratigraphically above it, another tusk was found, as float (N34°00.356′, W120°12.187′). This tusk was apparently eroded from the alluvial deposits that overlie the marine facies of the 1st marine terrace (Fig. 9 ). At present, it is situated~2 m above the top of the marine terrace deposits. Orr (1968) also noted the presence of mammoth remains in these deposits (what he referred to as the terrestrial deposits of the Garañon member of the Santa Rosa Island Formation). The specimen found in the present study has a length of at least 40 cm (a minimum figure, as the tusk is clearly incomplete) and a proximal tusk diameter of at least 10.5 cm. Based on the criteria described above, this specimen is tentatively identified as M. columbi. Because the tusk is not in place, all that can be ascertained is that it is younger than the marine terrace deposits where the possible M. exilis tusk was found at Cañada Garañon. Figure 6 . Map of northeastern Santa Rosa Island, showing marine terrace deposits and other surficial deposits and fossil localities. White areas are pre-Quaternary bedrock, in places overlain by alluvium or colluvium. All mapping done by the authors except some of the "Qto" delineations are slightly modified from Weaver et al. (1969) . Note that unit designated as "Qtpo," possible marine terrace platforms, may or may not have overlying marine and/or terrestrial deposits.
Radiocarbon dating of terrestrial snails and uranium-series dating of marine terrace corals
Fossil land snails found in the eolian/colluvial deposits (Qes/Qc1) that host the M. exilis tusk at SRI-1F, east of Lobo Canyon, potentially provide valuable age information. Nevertheless, in order to test whether H. ayresiana snails from the Channel Islands can be regarded as a species with minimal age bias, it is necessary to determine the apparent radiocarbon ages of modern snails. We collected five specimens of modern, dead (but still retaining shell patterning and color) H. ayresiana from carbonate substrates (Quaternary eolianite or marine deposits) on nearby San Miguel Island. The choice of carbonate substrates was deliberate, in order to capture a worst-case scenario for the possible "limestone effect" in this species, following the approach of Pigati et al. (2010) . Results show that these snails are likely biased by~500 yr to perhaps as much as~1000 yr (Table 1 ). This range of values is similar to the range of maximum limestone effect bias exhibited by a couple dozen species of land snails studied by Pigati et al. (2010) . Thus, any ages derived from fossil H. ayresiana should be regarded as 500-1000 yr too old.
With knowledge of the probable age bias, fossil land snails constrain the age of the tusk found east of Lobo Canyon. Fossil snails SRI-1F-75 and SRI-1F-70 were collected 75 cm and 70 cm, respectively, above the top of the marine terrace deposits that underlie the tusk-bearing unit, Qes/Qc1. Because the tusk was found at 50 cm above the marine terrace deposits, these snails are therefore only 25 and 20 cm above the tusk. Both snails yielded apparent radiocarbon ages of~41,000-42,000
14 Cyr BP (Table 1) . About 40 m west of where the tusk was found (N34°01′11.5″; W120°05′30.4″), other snails were found in the same Qes/Qc1 unit, but somewhat higher stratigraphically, at 100 cm, 127 cm, and 143 cm above the top of the marine terrace deposits (SRI-1 F-100, 127, and 143, respectively). These snails gave apparent radiocarbon ages of~41,000 to~46,000 14 Cyr BP, in broad agreement with the snails somewhat lower in the section (Table 1) . As pointed out by Pigati et al. (2007) , for materials near or beyond the limit of radiocarbon dating, only very small amounts of modern carbon are required to contaminate an infinitely old sample in such a way as to generate an apparently finite radiocarbon age. Thus, we regard all five radiocarbon ages on these snails as minimumlimiting ages for the tusk. It is possible to estimate a maximum-limiting age for the tusk east of Lobo Canyon from the age of the marine terrace deposits that underlie the tusk-bearing unit. Although no corals were found in the marine terrace deposits underlying the tusk at locality SRI-1F, corals (B. elegans) were collected from the lowest emergent terrace on the other side of Carrington Point, at locality SRI-1 (Fig. 6) . It is assumed, for the purpose of the present study, that because both the terrace fragments at SRI-1F and SRI-1 are the lowest emergent terraces and have similar outer edge elevations (+9.4 and +5.3 m, respectively) that they are correlative. This assumption requires more testing, but is presented here as a working hypothesis. From locality SRI-1, all three corals are 100% aragonite, indicating no diagenetic alteration to calcite, and all have U contents similar to those of modern and fossil B. elegans reported elsewhere in California and Baja California (Muhs et al., 2002a (Muhs et al., , 2006 (Muhs et al., , 2012 , indicating no evidence of U loss ( Th derived from detrital silicate minerals. A duplicate analysis of SRI-1-B shows good agreement, within the limits of analytical uncertainty. Ages of the three corals range from 113.1 ± 0.6 ka to 110.5 ± 0.6 ka. All three corals have back-calculated initial 234 U/ 238 U values that are somewhat higher than that of modern seawater, which ranges from 1.141 to~1.155 and averages~1.149 (Delanghe et al., 2002) . When viewed on an isotopic evolution curve, such corals plot somewhat higher on the vertical axis than the idealized evolutionary pathway that would be followed by corals that exhibited strictly closed-system conditions with respect to U-series nuclides (Fig. 10) . Based on the model presented by Gallup et al. (1994) , the ages could be biased old by perhaps as much as~2-3 ka. Thus, when compared to~120 ka corals (marine isotope stage, or MIS 5.5, following the terminology of Martinson et al., 1987) from Terrace 2a on San Nicolas Island (Muhs et al., 2006 (Muhs et al., , 2012 or the Sea Cave terrace of Punta Banda, Baja California, Mexico (Muhs et al., 2002a) , the corals from SRI-1 appear to be slightly younger. It is possible that the SRI-1F corals could correlate with the very youngest part of MIS 5.5, or possibly with MIS 5.3 (~100 ka), in agreement with the amino acid age estimates for mollusks from this locality (Muhs et al., 2014a) . It is unlikely that the corals are as young as~80 ka, or MIS 5.1, however (Fig. 10) . Therefore, based on the stratigraphy and combined radiocarbon and U-series dating, the age of the tusk is more than~46-40 ka but less than~120 ka, and possibly less than~100 ka.
In order to determine an age for the tusk found in deposits of the 1st terrace at Cañada Garañon, fossil corals were collected from the 1st terrace at SRI-27, near Sandy Point on the northwestern part of Santa Rosa Island (Figs. 3, 5 ) and analyzed for U-series dating. With one exception noted above, corals from SRI-27 are 100% aragonite (the other is 99%), indicating no measurable alteration to calcite. All corals have U contents similar to those of modern and fossil B. elegans described elsewhere from California and Baja California, Mexico (Muhs et al., 2002a (Muhs et al., , 2006 (Muhs et al., , 2012 (Muhs et al., , 2014a , indicating no significant diagenetic gain or loss of U ( Delanghe et al., 2002) . Sample SRI-27-B has an initial 234 U/ 238 U value of~1.158, indicating the possibility of a bias (perhaps as much as~2-3 ka) to a slightly older apparent age, based on the models of Gallup et al. (1994) and Thompson et al. (2003) . Reduction of the apparent age of SRI-27-B by~2-3 ka would result in an age that is still within the range of ages of the other corals, which is 82.9 ± 0.5 ka to 78.6 ± 0.5 ka. Thus, for five of the six corals, the ages are considered to be reliable with a high degree of confidence. All the coral ages from SRI-27 fall within the same general range of isotopic composition as corals from the 1st terrace on San Nicolas Island, California and the Lighthouse terrace on Punta Banda, Baja California (Fig. 10 ). All these corals have ages centering on~80 ka and have a clear correlation to MIS 5.1. A single coral found in deposits of the 2nd terrace of northwestern Santa Rosa Island (SRI-5F; Figs. 3, 5) was also analyzed. This coral has no evidence of U loss or gain or inherited 230 Th (Table 2) . It does, however, have a back-calculated initial 234 U/ 238 U value significantly higher than that of modern seawater. Thus, the apparent age of 125 ka is likely a maximum estimate; a true age of as young as 112 ka is possible. If so, the terrace could correlate with either MIS 5.5 or MIS 5.3.
Thus, the tusk in marine deposits of the 1st terrace at Cañada Garañon (SRI-5G) can be no younger than~80 ka. The maximum possible age of the tusk is unknown. The mammoth it belonged to could have been living on Santa Rosa Island during the MIS 5.1 high-sea stand around 80,000 ka, or some earlier time, after which the tusk was reworked into the marine terrace deposits. The Cañada Garañon tusk and the tusk found east of Lobo Canyon confirm, however, the presence of Mammuthus on the Channel Islands well before the last glacial period, MIS 2.
Discussion
Mammoth chronology, Channel Islands paleogeography, and immigrations
In the Quaternary, North America hosted at least four species of mammoths, Mammuthus meridionalis Nesti 1825, M. columbi, M. exilis, and Mammuthus primigenius (Blumenbach, 1799) (Agenbroad, 1984 (Agenbroad, , 2005 and possibly Mammuthus trogontherii (Lister and Bahn, 2007) . M. trogontherii is thought to have arrived in North America around 1.5 Ma (Lister and Bahn, 2007) . However, mammoths that are likely older than 1.5 Ma have been found in the Leisey Shell Bed of Florida (Webb et al., 1989; Webb and Dudley, 1995) . The original Sr-isotopic age estimates of shells from the mammoth-bone-bearing bed at Leisey were 1.8-1.6 Ma (Webb et al., 1989) . Using the updated Sr-isotopic age calibration of Howarth and McArthur (1997) , we recalculate these ages to be 2.2-1.8 Ma. Thus, mammoths have been in North America for much or all of the Quaternary.
According to Lister and Bahn (2007) , M. meridionalis was apparently the ancestor of M. trogontherii (the steppe mammoth, found in Eurasia), which in turn was the ancestor of both M. primigenius (the wooly mammoth) and M. columbi (the Columbian mammoth). Whereas M. primigenius appears to have been an immigrant to North America, M. columbi apparently evolved in North America, as it is not found on any other continent. Although M. columbi formerly was considered to be only a late Pleistocene (= Rancholabrean North American Land Mammal Age) species (Maglio, 1973; Agenbroad, 1984) , it has been found in association with M. meridionalis in beds dated to~1.1-0.9 Ma in Anza-Borrego Desert State Park, in eastern San Diego County, California (McDaniel and Jefferson, 2006) . M. exilis, the pygmy mammoth, evolved from M. columbi, the only mainland mammoth with a fossil record on the Channel Islands (Johnson, 1978; Madden, 1981; Agenbroad, 2012) .
As alluded to earlier, mammoths most likely reached the Channel Islands from mainland California by swimming rather than a landbridge crossing (Johnson, 1978 (Johnson, , 1980 Junger and Johnson, 1980; Wenner and Johnson, 1980 ). Johnson's (1978) inference of mammoths reaching the Channel Islands by swimming is based on modern observations of the swimming abilities of Asian and Indian elephants, the closest living relatives of mammoths. Based on swim duration and speed estimates, Johnson (1978 Johnson ( , 1980 Figure 9 . Photograph of probable Mammuthus columbi tusk, not in stratigraphic context, but probably derived from terrestrial deposits overlying the 1st marine terrace at the mouth of Cañada Garañon, Santa Rosa Island (see Fig. 5b ). (a) Close-up of tusk; (b) geologic units near the tusk. Qac, alluvium and/or colluvium; Qty, marine terrace deposits, younger. 14 C ages were determined at the Center for Accelerator Mass Spectrometry (CAMS), Lawrence Livermore National Laboratory, Livermore, California. The WW number is the identification assigned to a sample by the USGS 14 C laboratory. The 14 C ages are in radiocarbon years BP with one-sigma errors. δ 13 C values are given in per mil relative to VPDB. Calibrated age ranges calculated using CALIB 7.0 software (Stuiver and Reimer, 1993) in conjunction with the INTCAL13 atmospheric data set (Reimer et al., 2013) .
⁎ Fossil samples are interpreted to be older than the upper age limit for radiocarbon dating.
although it was a forced swim. Based on these observations, it is therefore possible that mammoths could have managed a swim from the mainland to the Channel Islands with the present, shortest interglacial mainland-island distances of~20 km (to East Anacapa Island) or 31 km (to Santa Cruz Island). Nevertheless, there are more favorable times for mammoth crossings by swimming. Johnson (1978) pointed out that the most likely times for mammoth immigration to the Channel Islands would be during glacial periods, when the mainland-to-island distance would be at a minimum. The record of submerged fossil coral reefs from Barbados indicates a eustatic sea-level lowering (relative to present) of~120 m during the LGM (Fairbanks, 1989; Bard et al., 1990) , or possibly as much as~140 m (Peltier and Fairbanks, 2006) . It is now known, however, that glacial isostatic adjustment (GIA) effects result in a different relative sea level record on the California coast compared to Barbados. Recent models show an LGM sea-level lowering of only~95 m, relative to present, for San Nicolas Island (Muhs et al., 2012) and~101-111 m on the northern Channel Islands (Clark et al., 2014; Reeder-Myers et al., 2015) .
Using two different estimates of LGM sea-level lowering (~120 m vs. 100 m below present), two alternative maps of the paleogeography of the Channel Islands and the Santa Barbara Channel region during LGM time were generated. By either estimate of LGM sea-level lowering, the four northern islands would have been connected, comprising a large, single island that Orr (1968) called "Santarosae" (Fig. 11a) . There would be little difference in the distance from mainland California to Santarosae during the LGM in either of these two paleogeographic reconstructions. Thus, mammoths would have had to swim from the mainland only to what is now the eastern end of Anacapa Island, a distance of~7.2 km. During an interglacial period such as the present one, the mainland-to-island distance increases by about a factor of three from the mainland to Anacapa Island. For an interglacial swim to Santa Cruz Island (where mammoth colonization likely would have a greater chance of success compared to tiny Anacapa Island), the mainland-to-island distance is greater than the LGM distance by about a factor of five. Thus, Johnson's (1978) model of a glacial-period timing for mammoth immigration is supported by either estimate of LGM sealevel lowering. A remaining question, then, is which glacial period set the stage for the earliest mammoth immigration.
Most previous estimates of the timing of earliest mammoth arrival on the northern Channel Islands have been of a speculative nature. Valentine and Lipps (1967) referred to mammoth remains that had been found in marine terrace deposits of the Channel Islands, perhaps based on the Santa Rosa Island observations by Orr (1960) , and suggested that the period of dwarfing (M. columbi to M. exilis) may have preceded the Sangamon (=last interglacial = MIS 5) period. Orr (1967) considered that mammoths had been on the Channel Islands since "Illinoian" time (=penultimate glacial period = MIS 6), but did not provide any details as to how this age estimate was made. As discussed above, Orr (1960) pointed out that mammoth remains occur in what he called the marine facies of the Garañon Member of the Santa Rosa Island Formation, confirmed by the present study. In a later summary, Orr (1968) considered this marine deposit to be 200 ka or more, based on U-series dating of mollusks. However, it is now known that mollusks are unsuitable for U-series dating (Kaufman et al., 1971; Edwards et al., 2003) and our new age estimates disagree with the ≥ 200 ka age for these deposits. Madden (1981) reported U-series ages of~64 ka and~28 ka for M. columbi remains from the Channel Islands, but U-series ages on bone or teeth are not reliable either (Schwarcz and Blackwell, 1992) . Lister and Bahn (2007) thought that mammoth immigration to the Channel Islands took place some time after~100 ka, but gave no information regarding their basis for this age estimate.
Direct dating of the 1st marine terrace to 80 ka on northwestern Santa Rosa Island confirms that mammoths were present on Santa Rosa Island prior to the last glacial period. Supporting data come from the tusk east of Lobo Canyon that is at least~40 ka, but younger thañ 120-100 ka. These data support the Johnson (1978) model that immigration of mammoths to the northern Channel Islands could have taken place prior to the last glacial period, assuming a favorable paleogeography. Marine isotope stage 5.1 at~80 ka was a time of relatively high sea level. The magnitude of sea level, relative to present, during MIS 5.1 varies from coast to coast, depending on GIA effects (Potter and Lambeck, 2003; Muhs et al., 2012) . At localities relatively close to North American ice sheets, such as the U.S. Atlantic Coastal Plain and Bermuda, local sea level was above present during MIS 5.1 (Muhs et al., 2002b; Wehmiller et al., 2004) . Farther from the ice sheets, but still along North American coasts, marine terrace records from Florida and California indicate a paleo-sea level of about −15 m to −11 m during MIS 5.1 (Toscano and Lundberg, 1999; Muhs et al., 2012) . Localities distant from North American ice sheets, such as Barbados, have uplifted coral reef terrace records indicating a paleo-sea level of about −20 m relative to present at~80 ka (Cutler et al., 2003; Potter et al., 2004; Schellmann and Radtke, 2004) . Any of these estimates would yield a southern California coastal paleogeography only slightly different than today's, with a significant water gap between the California mainland and Eastern Anacapa Island. The super-island Santarosae would not have existed during MIS 5.1. (Cheng et al., 2013) .
Could mammoths have arrived on the Channel Islands just prior to the~80 ka high-sea stand? The southern California sea-level model presented by Muhs et al. (2012) indicates that during MIS 5.2 (~90-85 ka), the period just prior to the formation of the tusk-bearing 1st terrace (80 ka) on Santa Rosa Island, paleo-sea level could have been about − 29 m, relative to today. A map of the Santa Barbara Channel region U activity ratios that define the bounds of modern seawater. Age in thousands of years (ka) is shown by isochrons (thin, solid diagonal lines). Green ellipses define the measured values and 2-sigma uncertainties, as calculated using Isoplot/Ex software (Ludwig, 2001 ) for fossil corals (Balanophyllia elegans) from the 1st terrace (locality SRI-27; this study), the 2nd terrace (SRI-5F; data from Muhs et al., 2014a) , and either the 1st or 2nd terrace (SRI-1; this study) on Santa Rosa Island. Also shown for comparison are (a) measured values of fossil corals (also Balanophyllia elegans) from the lowest two marine terraces on western San Nicolas Island (data from Muhs et al., 2006) and (b) measured values from fossil corals (also Balanophyllia elegans) from the 1st (Lighthouse) and 3rd (Sea Cave) terraces at Punta Banda, Baja California, Mexico (data from Muhs et al., 2002a) . (Fairbanks, 1989; Bard et al., 1990) and an alternative LGM sea-level lowering of~100 m, based on a Barbados record modeled with glacial-isostaticadjustment (GIA) effects for southern California (see Muhs et al., 2012; Clark et al., 2014, and Reeder-Myers et al., 2015) . Contours constructed by the authors, using U.S. Geological Survey topographic maps that include bathymetry. Note that under both LGM scenarios, the shortest swimming distance for mammoths from mainland California to the extended, LGM superisland "Santarosae" is immediately northwest of Hueneme Canyon and is~7.2 to 7.5 km. (b) Paleogeography of the northern Channel Islands region during MIS 5.2,~90 ka to~85 ka, assuming a paleo-sea level of about −30 m relative to present (see Muhs et al., 2012) . Contours constructed by the authors, using U.S. Geological Survey topographic maps that include bathymetry.
at MIS 5.2 with this lower sea level also yields a paleogeography little different from that of today (Fig. 11b) . Santarosae would not have existed then and the mainland-to-island distance (to eastern Santa Cruz Island) would have been~20 km. It seems that more likely periods of pre-LGM mammoth immigration would have been during either MIS 6, around 150 ka, or MIS 8, around 250 ka, based on both the Red Sea and Cocos Ridge oxygen isotope records of sea level (Fig. 12) . While it is true that during MIS 6 or MIS 8 the northern Channel Islands would not have experienced as much cumulative uplift as they ultimately did by MIS 2 time, late Quaternary uplift rates of the northern Channel Islands are modest, based on data from western Santa Cruz Island (Pinter et al., 1998) San Miguel Island and Santa Rosa Island (Muhs et al., 2014a) . Because the 2nd terrace near Cañada Garañon is likely~120 ka ( Fig. 5c ; Table 2 ) and paleo-sea level at that time was about + 6 m (Muhs et al., 2002a (Muhs et al., , 2011 , the shoreline angle elevation (+24 m) yields a relatively low uplift rate of 0.15 m/ka for this part of Santa Rosa Island. Thus, if the Red Sea and Cocos Ridge records constitute at least firstorder approximations of Quaternary sea level fluctuations, and if the estimates of modest late Quaternary uplift rates for the northern Channel Islands are correct, the distance from mainland California to the eastern end of an ancient Santarosae island during MIS 8 or MIS 6 likely would have been only slightly greater than during MIS 4 or MIS 2. Marine isotope stage 6 corresponds to the penultimate, or Illinoian glaciation of North America. During this glacial advance, the Laurentide ice sheet reached its southernmost extent in midcontinental North America (Flint, 1971) , consistent with sea level being relatively low during MIS 6. Ironically then, Orr's (1967) estimate of the presence of mammoths on the Channel Islands since Illinoian time, although based on what is now known to be an unreliable dating method, may actually be correct.
It is worth pointing out, however, that on a tectonically rising continental coast adjacent to tectonically rising islands, mainland-to-island distances will necessarily decrease over time. Whereas uplift rates on the northern Channel Islands are relatively low (Pinter et al., 1998; Muhs et al., 2014a) , uplift rates on the mainland opposite the islands are relatively high (Sarna-Wojcicki et al., 1987; Gurrola et al., 2014) . Therefore, a terrace of a given age on the mainland will be at a higher elevation than a terrace of the same age on the islands (Fig. 13) . Nevertheless, in the early-to-middle Quaternary, there would have been less cumulative uplift on both the Channel Islands and the mainland. Hence, swimming distances for mammoths, even during glacial periods, would have been greater than during the LGM (Fig. 13) . It is not known when conditions of long-term uplift might have finally reached a threshold such that during a glacial period, the mainland-to-island distance was short enough that mammoths might have been tempted to make the crossing. Thus, although the work presented here indicates that mammoth immigration certainly preceded the LGM, and recent studies demonstrate that M. columbi has been in California for upwards EARLY QUATERNARY LATE QUATERNARY Figure 13 . Hypothetical model of uplift and sea-level control on conditions favorable for mammoth immigration to the Channel Islands from mainland California. All panels show position of Santa Barbara Channel during glacial periods, when sea level is low; emergent marine terraces form during interglacial periods and crustal blocks on both islands and mainland experience continuous uplift. Note, however, that terraces representing each interglacial period are at higher relative elevations on the mainland compared to the Channel Islands because uplift rates are higher on the mainland (see Sarna-Wojcicki et al., 1987; Gurrola et al., 2014) . Time progresses from lower (earliest) to upper (latest) panels; in the lower two panels ("glacial period sea-level low stands #1 and #2"), uplift has not proceeded long enough to bring the coasts of the islands and mainland close enough for mammoth immigration. In second panel from the top ("glacial period sea-level low stand #3"), uplift has finally brought the two coasts close enough for an acceptable swimming distance for mammoths. In uppermost panel, continued uplift and last-glacial sea-level lowering has allowed the most recent mammoth immigration to the islands. For simplicity, only the past two hypothesized mammoth crossings are illustrated (MIS 2 and 6), but a mammoth crossing during MIS 8 is also possible (see Fig. 12 and discussion in text) . of a million years (McDaniel and Jefferson, 2006) , it does not necessarily follow that mammoth immigrations took place during each glacial period of the Quaternary. In support of this line of reasoning, repeated field studies of pre-MIS 5 marine terrace deposits on San Miguel Island, Santa Rosa Island, and Santa Cruz Island over the past decade have failed to yield mammoth remains.
Implications for causes of mammoth extinction
One of the most intriguing questions in the Quaternary history of North America is the cause for the disappearance of large mammals, or megafauna, near the close of the Pleistocene. Among the many genera that became extinct at this time in North America are mammoths, with the exception of some lone survivors that date to the midHolocene on remote St. Paul Island in the Pribilof Islands of Alaska (Guthrie, 2004; Veltre et al., 2008) . The possible causes of megafaunal extinction at the close of the Pleistocene have been hotly debated, and as the literature on this topic is voluminous, only a brief summary is given here. Three main mechanisms of extinction have been proposed for North America: (1) the human arrival hypothesis (Martin, 1967 (Martin, , 1984 (Martin, , 2005 Haynes, 2013; Sandom et al., 2014 , and references therein), wherein humans, newly arrived from Asia, extirpated an unwary North American fauna; (2) the climate change hypothesis, in which the shift from a glacial to an interglacial climate brought about extraordinary changes in ecosystems such that megafaunal species were unable to adapt (Graham and Lundelius, 1984; Meltzer, 2002, 2003 and references therein); and (3) the cosmic catastrophic event hypothesis, where an impact or airburst of an extraterrestrial body (comet or meteor) is thought to have brought about dramatic changes in climate, widespread fires, and demise of human (Clovis culture) and animal (megafauna) populations (Firestone et al., 2007; Kennett et al., 2008 Kennett et al., , 2009 ). Other investigators have pointed out the possibility of a combination of human-caused and climate-related causes of extinction (see discussion in Barnosky et al., 2004) . Although all three mechanisms are controversial, the extraterrestrial impact hypothesis has received a significant amount of criticism (e.g., Daulton et al., 2010; Pinter et al., 1998 Pinter et al., , 2011 Holliday et al., 2014; Meltzer et al., 2014) and is not considered further here. No attempt is made to discuss the pros and cons of the human vs. climate change causes for megafaunal extinction in North America, but some of the findings presented here have relevance to the debate on these two causes for mammoth extinction specifically on the Channel Islands. Kanakoff and Emerson (1959) ; Valentine (1962); Orr (1960) ; Vedder and Norris (1963) ; Addicott (1964) ; Lipps et al. (1968) ; Kern (1977) ; Kennedy et al. (1982 Kennedy et al. ( , 1992 ; Muhs et al. (1992 Muhs et al. ( , 2002a Muhs et al. ( , 2010 Muhs et al. ( , 2012 Muhs et al. ( , 2014a Muhs et al. ( , 2014b ; Heusser (1995 Heusser ( , 2000 ; Kennett and Venz (1995) , and Grant et al. (1999 There is little question that early humans in North America hunted proboscideans. Indeed, Mammuthus and Mammut are two of the very few megafaunal taxa for which there is unequivocal archeological evidence indicating human predation, and there are at least a dozen such sites with mammoth remains in North America (see compilations in Meltzer, 2002, 2003) . Early investigators on the Channel Islands emphasized the association of what were interpreted to be possible human-caused fire areas, primarily on Santa Rosa Island, and sometimes found in association with mammoth remains Orr and Berger, 1966; Orr, 1968; Berger, 1980) . However, there have been objections to the interpretation of these fire areas as human-caused (Wendorf, 1982; Rick et al., 2012a; Pigati et al., 2014) . Orr and Berger (1966) also report mammoth remains from Santa Rosa Island that show signs of "butchering" and "battering," although no photographic evidence is offered in this study to support these interpretations. Nevertheless, Agenbroad et al. (2005) point out that within the limits of analytical uncertainty for radiocarbon dating, there is potentially a slight temporal overlap between the youngest dated M. exilis on the Channel Islands and the oldest (thus far) dated human bone in North America, also from the Channel Islands.
Despite the possible temporal overlap of humans and mammoths, there is currently no direct evidence that humans hunted mammoths on the Channel Islands (Rick et al., 2012b) . Martin and Steadman (1999) suggest that a "commando raid" type of scenario is possible for Crete, Ireland, Wrangel Island (Siberia), and the Channel Islands, wherein stone-age hunters overrun an island, slaughter preferred prey (such as mammoths), quickly discover they cannot sustain an existence, and depart without leaving any archeological evidence of their visit. In addition, it is important to recognize that with post-glacial sea level rise in the latest Pleistocene/earliest Holocene, many potentially important archeological sites on the northern Channel Islands would now be submerged on what are presently the insular shelves (Clark et al., 2014; Reeder-Myers et al., 2015) . Nevertheless, Rick et al. (2012b) concluded that climate change and ecological disturbance were likely the main causes for mammoth extinction on the Channel Islands. These investigators also point out that with post-glacial sea level rise, one consequence Fig. 14b for location). (a) Glacial periods (even numbered oxygen isotope stages 2, 4, and 6 in bold), interglacial periods (shaded; odd numbered oxygen isotope stages in bold: 1, 5.1, 5.3, 5.5), and an interstadial period (oxygen isotope stage 3 in bold), as seen in the oxygen isotope composition of benthic foraminifera; (b) abundance of pine (Pinus) pollen, a cold-climate indicator; (c) abundance of oak (Quercus) pollen, a warm-climate indicator; and (d) abundance of Compositae (=Asteraceae; "sunflower" family) pollen (excluding Artemisia), a warm-climate indicator. Oxygen isotope data from Kennett (1995) ; pollen data from Heusser (1995 Heusser ( , 2000 . Also shown are times (blue lines) showing occurrence of youngest dated (calibrated radiocarbon years) mammoth on the Channel Islands ; oldest dated mammoth confirmed on the Channel Islands (U-series age; this study); and hypothesized time of arrival of mammoths on the Channel Islands (this study).
that could adversely affect mammoths would be the breakup of Santarosae into four islands and overall loss of land area, a scenario recently modeled by Reeder-Myers et al. (2015) . With post-glacial warming, one could also add vegetation community change (Heusser, 1995 (Heusser, , 2000 and alteration of freshwater sources as stressors on mammoth populations. An examination of the new evidence for mammoth antiquity on the Channel Islands, presented here, provides a partial test of the hypothesis presented by Rick et al. (2012b) that mammoth extinction on the Channel Islands was due to climate change, ecological disturbance, and loss of land area. Given the findings reported here that mammoth remains are at least as old as~80 ka, it is possible to consider how glacial-interglacial climate and sea level change could have affected mammoths in the penultimate Quaternary climate cycle. If mammoth immigration took place as early as MIS 6,~150 ka, as discussed above, then mammoth colonization of the Channel Islands would have been followed by MIS 5.5, the peak of the last interglacial complex (Fig. 12) . Based on records from a number of tectonically stable coastlines, it is known that MIS 5.5 was characterized by a paleo-sea level that was + 6 m to + 8 m, relative to present (Muhs et al., 2002a (Muhs et al., , 2011 Dutton and Lambeck, 2012) . Thus, in MIS 5.5 time, mammoths would have been faced with a sea level rise more dramatic than during the LGMto-Holocene transition. Mapping of marine terraces that date to MIS 5.5 on the Channel Islands (Pinter et al., 1998; Muhs et al., 2014a) shows that the insular land area during that high-sea stand would have been even more diminished than during the Holocene (Fig. 14) . Nevertheless, although island break-up and land loss were more dramatic than during the Holocene, mammoths apparently survived, at least until MIS 5.1. Furthermore, fossil marine mollusk data, marine planktonic data, and pollen data dating to MIS 5.5 from southern California indicate that both marine and terrestrial environments were warmer than present during MIS 5.5 (Fig. 14) . Mammoths on the Channel Islands apparently were able to cope with this climate change and its associated vegetation change (Fig. 15) , even though it was at least as dramatic as that which mammoths at the Pleistocene-Holocene transition had to contend with.
The long, warm interglacial period of MIS 5.5 would then have been followed by the relatively cool MIS 5.4, 5.3, and 5.2 periods, requiring further adaptation by mammoths back to cool conditions and new changes in vegetation communities (Heusser, 1995 (Heusser, , 2000 see Fig. 15 ). Carbon and nitrogen isotopic evidence from studies of LGM and pre-LGM M. columbi from Arizona indicates that mammoths may have had a considerable adaptability for food resources, utilizing a variety of sources not only at different points in geologic time, but seasonally, as seen in isotopic variability within individuals (Metcalfe et al., 2011) . Thus, changing vegetation communities, from glacial to interglacial climates, need not have been a limiting factor for mammoth survival.
Emphasis is made here that it is not proposed that either humans or an extraterrestrial impact event necessarily had to be the cause of mammoth extinction on the Channel Islands. The point to be raised by the foregoing discussion is simply that in order to appeal to glacialinterglacial climate change, vegetation change, and reduction of island size as explanations for LGM-Holocene extinction of mammoths on the Channel Islands, one must also explain how these factors did not cause such extinctions during the previous glacial-interglacial cycle.
Conclusions
Field studies on Santa Rosa Island resulted in the discovery of a wellpreserved pygmy mammoth (M. exilis) tusk in deposits of the 1st terrace, confidently dated by U-series methods on coral to~80 ka. A second mammoth tusk, on the other side of Santa Rosa Island, has an age constrained to be at least~40 ka but less than~120 ka, based on a combination of radiocarbon and U-series dating methods. The new findings presented here establish that mammoths were present on the islands well before the last glacial period. The presence of mammoths on the Channel Islands at 80 ka, a time of relatively high sea level, can best be explained by mammoth immigration (by swimming) during a previous glacial period, when sea level was low and swimming distance from the mainland to the islands was minimal. The most likely times for such immigrations would have been during glacial periods MIS 6 (~150 ka) or 8 (~250 ka). These results support a previous hypothesis that mammoth colonization of the Channel Islands from mainland California could have taken place any time during the Quaternary when paleogeographic conditions were favorable, not necessarily during only the last glacial period. Nevertheless, for mammoth immigration to have taken place, even during glacial periods, sufficient uplift of both the Channel Islands and the California mainland must have taken place such that the mainland-to-island distance was close enough to be within the swimming abilities of mammoths.
Finally, the results presented here challenge the hypothesis that mammoth extinction on the Channel Islands at the PleistoceneHolocene boundary was due to sea-level rise, loss of land area, and post-glacial vegetation change. If mammoths reached the Channel Islands prior to or during the penultimate glacial period (MIS 6), as the results presented here imply, they would have faced much more dramatic sea-level rise, loss of land area, and vegetation change at the start of the last interglacial period (MIS 5.5) compared to the beginning of the Holocene.
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